electric fields for many years, has always been an important iajsue and has been the subject of numerous publications over the last 35 years,[2-61 since the realization that SiOz could be used as an insulating and passivating layer in silicon-based transistors. ['i, 81 Oxide reliability and the experimental methods for accelerated testing have been the subject of earlier review papers. [9-181. hi. m i c r o e l~o n i c s industry its largely to he existence of the thermal oxide of silicon. H~~~~~, recently thwe is that the re.i&ility of ulm-thin dielectrics will limit f u~e r scaling to slightly thinner than 2nm.
This papex will review the physics and statistics of dielectric wearout and breakdown in ultra thin Si0,-based gate dielectrics.
Electrons or. holes tunneling through the gate oxide generate defects until a'critical density is reached and the oxide breaks down. The critical defect density is explained by the formation of a percolation path of defects across the oxide. Only < 1% of the these paths ultimately lead to destructive breakdown, and the microscopic nature of these defects is not known. The rate of defect generation decreases approximately exponentially with supply voltage, below a threshold voltage of about 5 V for hot electron induced hydrogen release. However, the tunnel current also increases exponentially with decreasing oxide thickness, leading to a decreasing time-tobreakdown and a diminishing margin for reliability as device dimensions are scaled. Estimating the reliability of the dielectric requires an extrapolation fiom the measurement conditions (e.g. higher voltage) to operation conditions. Because of the diminished reliability margin, it has become imperative to try to reduce the error in this extrapolation. Long term (>1 year) stress experiments are now being used to measure the wearout and breakdown of ultra thin (<2 nm) dielectric films as close as possible to operating conditions. These measurements have revealed the details of the voltage dependence of the defect generation rate and critical defect density, allowing better .modeling of the voltage dependence of the time-tobreakdown. Such measurements are used to guide the technology development prior to the manufacturing stage. We then discuss the nature of the electrical conduction through a breakdown spot, and the effect of the oxide breakdown on device and circuit performance. In some cases an oxide breakdown does not lead to immediate circuit failure, so more research is needed m order to develop a quantitative methodology for predicting the reliability of circuits.
For the relatively thick (>lo nm) oxides used in errlier technologies the breakdown mechanisms are actually fairly comiplex, and the detailed understanding of the intrinsic reliability has only come about in the more recent past, as manufacturing processes have matured and high quality MOSFET samples incorporating a wide range of oxide thickness have become available for scientific study.
[l9] The essential elements of our present understanding are illustrated in Figure 1 . When a voltage is applied across the gate oxide, an electron current will flow if the gate voltage (V,) is high enough and/or the oxide is thin enough. For thick oxides the clwent is controlled by Fowler-Nordheim tunneling, [20, 211 while for thin oxides (LX L 3nm) at voltages below about 3 V (corresponding 1. 0 the barrier height between n-type silicon and the SOz) the current is due to direct quantum-mechanical tunneling. The electrons flowing across the oxide will trigger several processes depending on their energy. At least three defect generation mechanisms have been identified: Impact ionization and anode hole injection occur at higher voltages, leading to hole trapping and hole-related defect generation.[l9, 221 The lowest energy process so far identified, which dominates at the voltages where present MOSFETs operate, is the 'so-called "trap creation" process attributed to hydrogen release fiom the anode [23] with a threshold gate voltage of about 5 V. This process continues in the sub-threshold region even at operating voltages, down to 1.2V or lower. [24, 25] As a consequence of the reaction of the released mobile hydrogent23, [26] [27] [28] [29] [30] interface states, generationhecombination centers in the substrate, positively charged donor-like states, etc., gradually build up in the oxide. For breakdown, it is believed that bulk traps are the most important. Eventually enough damage builds up to the point where the oxide breaks down destructively. Breakdown is defined experimentally as a sudden increase in conductance, often accompanied by current noise.
PHYSICAL MODELS FOR DEFECT GENERATION
The evidence for hydrogen involvement in defect generation and breakdown is circumstantial but strong. Already in the 1970s it was suggested that hydrogen would play a major role in the growth of Si02 and in radiation processes in this material. [35, 361 The evidence up to 1989 for hydrogen's role in the trap creation process has been reviewed by DiMaria. [23] Since that time, it was shown that exposure of bare Si02 films to atomic hydrogen radicals, in the absence of any electric field, will produce electrically active defects essentially identical to those produced by electrical stress or radiation. [26, [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] Paramagnetic interface defects [38, 39, 48, 501 (the Pb centers, which are Si dangling bonds at the Si/Si02 interface), diamagnetic interface defects (fast and slow interface states) [37, 38, [40] [41] [42] [43] [45] [46] [47] [48] [49] [50] and bulk electron traps [44] are produced. The desorption rate of hydrogen from Si surfaces was measured as a function of incident electron energy [52] and showed a dependence remarkably similar to the voltage dependence of the trap generation process.[23, 251 However, a major perceived stumbling block to the general acceptance of the "hydrogen model" for breakdown has been the apparent lack of any isotope effect for the breakdown process [53] compared to the large effect observed for hydrogeddeuterium desorption and for channel hot electron induced interface degradation.
[54] This may have recently been resolved by the observation[55, 561 of a significant isotope effect on the stressinduced flat-band voltage shift and stress-induced leakage current (SILC), which is a measurel44, 57, 581 of the bulk traps which ultimately relate to breakdown. A significant isotope effect on trap generation and oxide breakdown in deuterated oxide has also been reported earlier. [59] Two other physical models for breakdown have been widely discussed in the literature. The first is the anode-hole injection (AHI) model, which claims that breakdown is caused by holes which are is 7-8 V for FETs with n'-poly gates, and this was confirmed experimentally. [22] Thus this mechanism may not be able to account for the substrate currents measured at lower voltage. A recent modification of the AH1 modelI68, 691 proposes that a weaker minority carrier ionization process [70] is responsible for hole injection and defect generation at low voltages. This mechanism will be operative for electron injection into a p-type material or hole inversion layer, and was observed for n-FETs with low gate doping when the n-poly gate inverted. [34] The modified model can successfully fit the measured slope of T,,, -vs. Figure 3 indicate that p-FET breakdown may be the limiting factor at low voltage, contrary to the usual idea [75] that n-FETs should represent the worst case.
The AH1 model has also been criticized on the basis that the measured substrate currents at low voltage may have other origins besides hole tunneling through the oxide, including generationrecombination processes in the substrate [22] and photoexcitation due to photons generated by hot electrons in the gate. [22, 761 Other kinds of defect generation, especially donor-like interface states which give interfacial positive charge, or bulk neutral traps which cause an increase in the leakage current, can be easily mistaken for trapped holes in the oxide.[l9, 22, 441 In cases where holes due to AH1 are clearly observed (i.e., above 7-8 V) [22] there is no correlation with breakdown.
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The other widely cited breakdown model is the "thermochemical" model, or "E-model", which proposes that defect generation is a field-driven process and that the current flowing through the oxide plays at most a secondary role. The development of this model from its origin in the mid 1980s through the late 1990s has been reviewed by McPherson. [78, 791 Briefly, the model considers the interaction 0% b e applieh e'ednic 5eJh E wifn the tipole momerib associate& with oxygen vacancies (weak Si-Si bonds) in SiOz. The activation energy required for bond breakage is lowered by the dipolar energy, leading to a quantitative prediction for the field dependence of the activation energy for dielectric breakdown (or equivalently, the temperature dependence of the field acceleration factor) which agreed well with experiment.[80-821 McPherson also showed [78] that allowing for a distribution of energies of the weak bonds could account for a wide range of observations of the temperature-and field-dependence of SiOz breakdown times, since the defect which dominates the breakdown process may change depending on stress conditions. However, it was also observed that for very thin oxides (bx L 4 nm) the breakdown times are no longer a function of only the field, but are strongly decreasing with thickness at the same oxide field. [79, 831 The decreasing breakdown times are consistent with the increasing direct-tunneling leakage currents in the ultra thin oxides. It was proposed that the strong increase in current leads to an increase in hole injection (presumably by the same mechanism as in the AH1 models discussed above), and that these holes are trapped at oxygen vacancies further reducing the activation energy for bond rupture. [79, 831 Other attempts to unify the AH1 and thermochemical models by treating these as parallel competing mechanisms have been published. The E-model has attained widespread acceptance, largely on the basis that, empirically, the TH/) data appear to follow an exponential dependence on field [80] [81] [82] [87] [88] [89] [90] including an experiment of 3 yr duration at oxide fields down to 5.3 MV/cm on 9 nm films. [91] '?
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However, it must be pointed out that the exponential dependence on field is not proof of the validity of the particular physical model. Probably the strongest evidence against the thermochemical model comes from substrate-hot-electron (SHE) injection experimentsm. [92, 931 In this experiment, using a specially designed mFET structure [94] (see Figure 4) , a forward biased n+ diffusion in the ptype substrate is used to inject electrons toward the inversion layer at the Si/Si02 interface. The inversion layer is maintained by keeping the gate positively biased relative to the source and drain (both held at ground). A negative substrate bias accelerates the injected electrons, and the injector current can be controlled independently of both the substrate and gate bias by varying the magnitude of the forward bias applied across the injector junction. The substrate voltage controls the maximum electron energy incident on the Si/SiO, interface, and for high enough substrate bias so that some electrons are injected over the energy barrier into the oxide, the gate voltage additionally controls the energy of the electrons incident on the gateloxide interface. In these experiments it was found that the charge-to-breakdown (QBo) is strongly dependent on the substrate bias, even though the oxide field is held fixed. [93] Therefore, QBI, correlates with the electron energy not the oxide field. This was also demonstrated for conventional Fowler-Nordheim stress by vzuying the doping of the anode. [34, 951 The SHE experiments also showed that THI) is inversely related to the current density, [93] again showing that breakdown is dominated by the effect of the energetic electrons and not the field in the oxide. The same conclusion was arrived at baseh on measumnents 0% b e & e a o'i v q i n g the gate bo$bg.)334, 75, 961 .
THE CRITICAL DEFECT DENSITY
The idea of damage building up to a critical level has been a key insight in leading to a predictive model of oxide reliability. The concept is not novel: For example, in 1983, resonant tunneling via defect states was proposed as a mechanism leading to bredrdown, [97] and in 1986 it was proposed that defect generation ("wear out") above some threshold concentration would lead to a new conduction path resulting in oxide breakdown. [98] Nor does the concept depend in any way on the physics of defect generation, whether hydrogeninduced or otherwise: The field-driven mode1 [78, 79, 831 (E-model) also assumes a critical density of broken bonds in order to induced electric breakdown and thermal runaway, and the field dependence of trap generation has been used to support this model. [99] The most recent version of the AH1 mode1[69, 1001 likewise adopts the viewpoint that holes create some (unspecified) form of defect which eventually leads to a critical conduction path.
Beginning in the early 1990s it was reported that in a large variety of oxide thickness stressed over a wide range of voltages, the chargeto-breakdown (QHI,) is inversely related to the initial rate of defect generation for most stress conditions.[l9, 88, 101-1031 Exlending this to thinner samples, the thickness dependence of oxide breakdown was explained as resulting from a thickness-dependent number of defects (N"') required to trigger breakdown. [24] The thickness-dependence of N"' was explained in terms of a simple percolation mode1. [24,3 1-33] The relationship between the charge-to-breakdown (Qxo), the critical defect density (N'"), and the defect generation probability per injected electron density (PPq&/dQ) is The concept of a critical defect density was quantitatively examined by Sufi6 et a1.,[106] who showed that it leads to the correct statistical behavior. This was not a predictive model since N") was treated as a fitting parameter. Later, Degraeve [31] formulated the percolation model in which breakdown is envisioned as the formation of a connecting path of defects, as a result of random defect generation throughout the insulating film. This explains the thickness dependence of N'I' as a geometrical/statistical effect, by which a connecting path of defects is more likely for thinner films.
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The percolation concept, and the origin of the thickness dependence of NBD, is schematically illustrated by the computer simulation [33] in Figure 5 . According to this model, breakdown can occur only when a connecting path of traps is formed across the gate oxide, forming a conducting path from the substrate to the gate. The probability of forming such a connecting path ("percolation p a t h ) with randomly generated defects throughout the oxide bulk is computed as a function of defect density and oxide thickness. For a given defect density, the formation of a percolation path is more likely for thinner oxides. Conversely, as the oxide is made thinner a percolation path can form with some probability at a lower average defect density than is necessary in a thick oxide. In the simulation, we start by placing defects (black squares) randomly throughout the sample ( Figure S(a) ), and then discard all defects which are not part of a cluster that is attached (via nearest neighbors) to one face of sample ( Figure 5(b) ). It does not matter at which face we begin when the percolation cluster is found, because if a site is part of a cluster which connects the two faces of the sample, then it will be counted no matter from which side we start. It would be computationally redundant to separately examine the opposite cluster extending from other face of the sample, because this cluster cannot touch the first face unless the first cluster also spans the sample. (Note the use of periodic boundary conditions in the lateral direction, i.e. edge effects are avoided by treating the sample as if it were a cylinder made by connecting the left and right ends.) For the particular defect density illustrated in Figure 5 there is no percolation path connecting top to :j bottom of the sample, and therefore we have not reached breakdown.
However, breakdown would have occurred at this density if the sample were thinner, i.e. thinner than the extent of the cluster in Figure 5 (b). As the defect density is increased the percolating cluster extends deeper into the sample until at some critical density it will touch the opposite face. Also, even for the same defect density and thickness, if the sample were made wider (corresponding to a larger device area) there is a finite probability of locally finding a cluster that does span the thickness. Thus, this rather simple model accounts nicely for all the statistical features of oxide breakdown including thickness and area dependence. Figure 6 shows the cumulative failure (6 distributions for N".' calculated from this mode1 [33] along with experimental data. [24] The data are capacitance voltage (CV) measurements of the interface state density. Although it was stated earlier that the bulk traps control breakdown, the interface state generation parallels the bulk defects. For both theory and experiment, the slope of the failure distribution is an increasing function of sample thickness and the curves shift with thickness. The slope of the failure distribution is an important parameter used in reliability estimations, as will be discussed in a later section of this paper.
The measured critical defect density at breakdown is shown in Figure 7 as a function of stress voltage, with thickness as a parameter. [77] Each point in this figure represents the final defect density extrapolated to breakdown for an individual sample. In addition to CV measurements (used for oxides with fx 2 4 nm), this figure includes stress-induced-leakage-current (SILC) data. In SlLC measurements the relative increase in current in the direct tunneling range below 3 V is expressed as AJ/Jo where Jo is the initial current density in the as-fabricated device. This quantity is proportional to the density of generated neutral electron traps. [44] Thus, g" from SlLC measurements is in units of dl/Jo. The critical defect density was taken as the value of A//Jo immediately prior to the first soft or hard breakdown. However, for high fluence (i.e., near breakdown) and especially for low stress voltages, the SILC tends to saturate with increasing stress duration.[44, 1051 This may limit the usefulness of SILC as a direct measure of N'". The two vertical scales in Figure 7 have been adjusted to match the average values obtained using the two measurement techniques on the 5 nm sample, from which we obtain [33] the relation N,(cm-') FJ 3x1O8N/J~,. This is consistent with the value found [44] for bulk the neutral traps, where N,(cm-2) = 1.25xlO8A//J~,. The thickness dependence is the dominant effect on N'", but there may be some Vg dependence as a second order effect. The obs'erved V, dependence may be partly attributed to the measurement technique, since CV and SlLC data on the same 4 nm sample show different dependencies. In Figure 8 we plot the average N'" value as a function of bX. N'" drops by a factor of -10' from 6 to 3 nni, and then reaches a plateau below 3 nm. These features are filly explained by a percolation mode1 [33] shown by the filled symbols. The fit is described by two parameters, which are adjusted to give a contsistent fit to both the data above 3 nm and the plateau below this thickness. The two parameters are the defect diameter (hopping distance) an and the probability cfl that a percolation path triggers destructive breakdown. For bX < a. the percolation model predicts that the thickness dependence will vanish because only one "defect" is required to form a connecting path across the oxide. Therefore, the plateau region is tox-%,,, and N'" in the plateau corresponds to one active defect in the area of the sample. In terms of absolute defect density, using the SlLC normalization discussed earlier the plateau value below 3 nm corresponds to a constant number equal to 2000 defects in the 5~1 0 -~ cm2 area of each sample, suggesting that each percolation path has a probability of about of initiating a destructive breakdown event. In other words, only a fractionf-10" of the defects are "active" or "effective" in causing breakdown. This might result from the different energy levels of defects, or from their different physical or chemical nature. The idea that there exists some special subset of defects which trigger breakdown has been independently suggested from the electron microscopy observation of breakdown pattems[lO7] where it was found that the density of "weak spots" is -1% of the defect density at breakdown. In order to measure Nu" at lower voltage, i.e. closer to actual operating conditions, it has been necessary perform long term reliability experiments on bonded chips. Other long duration stress experiments have been perfomed[91, 1221 using thicker oxides. In Figure 1 1 is plotted the characteristic (63rd percentile) values of
Nu" vs. the gate voltage during stress ( Vg) for the same sample as in Weibull slope (discussed in more detail later) and Nu" are only weakly dependent on fx in this range. It can be observed that N"' tends to increase with reducing V,. In Figure 9 it can be seen that the SlLC tends to saturate at long times, i.e. the increase in SlLC becomes sub-linear in time for low voltage. A tendency for SlLC to exhibit a saturating behavior at low stress voltage has been reported previously. [44, 1051 In spite of this tendency, the ultra-thin oxides samples stressed at lower voltage reach a higher average value of Figure 1 1 show a trend for N"' to increase as V, is lowered, there does not appear to be a universal behavior as a function of Vr For example, for the 2.23 nm oxide Nu" starts to increase below 2.8 V, while for the 1.44 nm oxide the increase in Nu" is not seen until V, is reduced below -2.2 V, and the 1.28 nm oxide shows no increase in Nu" even for V, as low as 1.9V. In Figure   12 the same data have been replotted as a function of the breakdown times (Tu/)) instead of the stress voltage. Tun is a function of V, , t, and device area. In this figure 7''') is the projected value to 63% failure for cases where not all samples have reached breakdown.
Note that in this figure, N'') is again normalized to a constant reference area, but Tu/., is not normalized, i.e. the x-axis values reflect the actual time under stress. Here we see that the data show a universal trend, wherein Nu" starts to increase for stress times longer than about lo6 seconds (-10 days). The long stress times necessary to see this effect would preclude its observation in most experiments. For the 1.28 nm oxide at 1.8 V (open squares) devices with two different areas were tested, which when plotted against V, result in different values of Nu" even after area normalization (Figure 11 ).
However, smaller area devices have a longer lifetime, which accounts for the higher value of N'" as shown in Figure 12 .
A voltage-dependent N'" could arise from several sources. The percolation path, which has been modeled in zero fieldl31, 331 to obtain the fit shown in Figure 8 , could be weakly field dependent. The formation of the percolation path, i.e. the generation of new defects, could depend on the local field produced by the other defects.[l24, 1251 This would lead to more directed paths at higher voltage, so that the average defect density to f0rm.a connecting path across the sample would be reduced. However, according to the idea that the stress time, not the voltage, is responsible for the increase in N"', the data may be interpreted in terms of the defect "effectiveness" (the fraction f of "active" defects) which was introduced [33, 107, 1211 to describe the probability that a defect, or percolation path, can trigger breakdown. For long stress times it requires a greater defect density to trigger breakdown, contrary to the assumption that N'" should be independent of the stress condition. The observation of reduced defect effectiveness for very long duration stress experiments may imply that defects undergo a slow relaxation that reduces their ability to participate in breakdown. It must be emphasized, however, that the final runaway stage of destructive breakdown, whereby a percolation path leads to catastrophic failure, is still not hlly understood.
DEFECT GENERATION RATE
Extensive work in the 1980s revealed the existence of the socalled "2 eV trap creation threshold" (electron energy measured with respect to the bottom of the SiOz conduction band) for defect creation by hot electrons in Si02. [23] For thick oxides, electrons in the conduction band obtain this average energy for oxide fields greater than about 2-4 MVlcm. In the thin oxides which are of current interest, for which electron transport is ballistic or quasiballistic, the threshold corresponds to a gate voltage of about 5 V for Fowler-Nordheim tunneling through the 3 eV potential barrier at the Si/Si02 interface. For voltages below threshold it was shown [24] that the defect generation rate depends only on the absolute value of the gate voltage ( V,), independent of substrate or gate doping or polarity.
Recent work using the SILC to measure P, has given the somewhat surprising result that 2 eV is not a hard threshold. [ there is a sub-threshold trap generation process that decreases exponentially below 5 V. This is shown in Figure 13 , where the SILC and CV data have again been normalized to each other using the same relation as described above for N"). Figure 13 includes data from a variety of oxide thicknesses and processes, including "standard" thermal SiOz grown in Oz, oxides grown in N20, and oxides grown on Nz-ion-implanted (Nz-l/l) substrates, indicating the relative insensitivity of P, to the oxidation process. P, is also observed to be independent of stress voltage polarity. For each oxide thickness it is possible to measure Pp over only a limited range of VA, in order to keep the measurements within an experimentally accessible time scale. Plotting overlapping ranges of V, obtained using oxides of different thickness shows a universal exponential behavior of P, as a function V,, independent of tax. Using substrate hot electron (SHE) and channel hot electron (CHE) stress, it is possible to obtain much greater hot electron flux at the interface, permitting measurements of P, at low electron energy even for thick samples. Using these techniques, it has been shown [25, 126, 1271 that defect generation by hot electrons impinging on the substrate/oxide interface follows the same dependence on energy as that from Fowler-Nordheim injection through the oxide, and that the exponential V, dependence extends at least as low as 1 
.2 V.[127]
A remarkable and unexpected feature of the data of Figure 13 is that there is no hard threshold voltage below which the generation rate drops faster than the exponential trend. In particular, there is no large discontinuity or change in slope at the transition from FowlerNordheim to direct tunneling at about 3 V. This is contrary to earlier suggestions[ 128, 1291 that breakdown would be strongly suppressed in the direct tunneling regime, and strongly suggests that the re levant energy scale is the electron energy in the anode, which is the polysilicon gate or the silicon substrate depending on injection polarity.
Although the rate of defect generation decreases approximately exponentially with supply voltage below a threshold voltage of about 5 V for hot electron induced hydrogen release, detailed measurements[l23, 1271 have found an inflection in the voltage dependence of Pc. between 2-3 V. This is shown in Figure 14 . 'Taken together, the complete measurements of Pg and Nu" can explain in detail the voltage and thickness dependence of QBD in ultra-thin gate oxides, shown in Figure 15 (a). as well as voltage-dependent phenomenon. Care must be taken when interpreting QUI) or THI) data to separate the voltage-and timedependent effects.
LIFETIME
Although QH,, defined as the time-integrated current density that flows through the oxide until breakdown occurs, is the physically meaningful quantity, the quantity of interest for an electronic component is the failure rate, which can be derived from the lifetime 4 or time-to-breakdown, THI). For constant voltage stress this is related In addition to the interface stare (N,) and bulk electron trap (N, and SILC) densities, Figure 13 also includes data on hole trapping (Nh) showing the anode hole injection threshold at -7.5 V. [22] The offset between this threshold and the lower trap creation threshold clearly establishes the sub-threshold tail as being related to the trap creation (hydrogen release) process and not anode hole injection 
where J is the instantaneous value of the current density. For thin oxides the current is nearly constant until breakdown (in marked contrast to thicker oxides, where electron trapping and/or hole trapping cause large changes in the current during stress), therefore
The tunnel current density increases exponentially with decreasing oxide thickness.[ 1041 Therefore from Equation (4) THI) decreases exponentially with decreasing tOx L 3 nm even though QUI, (Figure 15(a) ) is only slightly thickness-dependent in this range due to the weak thickness dependence of N". The measured THIJ data are shown in Figure 15(b) . This implies a rapidly diminishing margin for reliability as device dimensions are scaled. Figure 15 operating life of 10 years, i.e. to guarantee a specified (usually small) failure rate over a 10-year period. First the T,/j data such as those in Figure 150 ) must be projected from the high percentiles where experimental data are collected to low percentiles desired for the product failure rate. Second, a lifetime correction must be made from the small area test structures to the total gate oxide area of a chip. Both of these projections depend on the shape of the breakdown distribution, which must be known for accurate reliability estimates.
The statistics of gate oxide breakdown are described using the Weibull distribution[% 31, 131-1341
which is ari extreme-value distribution in In(x) and is appropriate for a "weakest-link" type of problem. Here F is the cumulative failure probability, i.e. the population fraction failed by age x, where x can be either charge or time. The characteristic life a is the 63.2th percentile, and p is called the slope parameter or Weibull slope. Gate oxide failure is a weakest-link type of problem because failure of the whole chip is defined by the failure of the first individual device, and a device fails if any small portion of the gate area of the device breaks down. From elementary statistics, if the probability of any one unit failing i s p then the probability of any one of N independent units failing is
the asterisk in Figure 16 ), this is equivalent to a higher failure rate F,,, in time Ttrv on the test structures with area A,,.,,, where from Figure 16 we can obtain
The appropriate p to use in Equation (9) is the one corresporiding to the projected operating voltage. The assumption is generally made that [3 is independent of Vr This equation is used to scale measured breakdown times to the expected product lifetime, or equivalenlly to estimate the chip failure rate from test structure measurements. ! since  F,h,,<F,r,, and typically Ate,,<A,,,, then T,,,? T,,fe by this equation, therefore it is always necessary to measure the test structure under accelerated stress conditions (voltage and temperai.ure). Understanding the voltage dependence is the major reason for investing the time to obtain long term stress data as shown in Figure   15 , and is the reason so much attention is paid to the physical model from trap generation and breakdown, as discussed above.[l35, 1361
There is no guarantee in practice that actual failure distributions will be perfectly linear on a Weibull plot, and other distributions could in principle be more appropriate.
[l33] Nonetheless, a study of 900 samples[ 1351 clearly supported the Weibull distribution down to a failure rate of
In the simplest case, the presence of multiple failure modes such as extrinsic failure caused by processing defects will lead to bi-or multi-modal distributions with varying slope. A subtler problem can arise from non-uniformity of tax, which wil I lead to variations in QBI, because of the thickness dependence of the critical defect density, and will cause further variation in TBIj because of the thickness dependence of the tunnel current. This will lead to distortion and curvature of the Weibull plot.[137, 1381 Such issues can seriously complicate the otherwise rather straightforward projections. Curvature in the Weibull plot usually indicai.es a problem such as extrinsic failure modes or non-uniformities that need to be dealt with before the data can be reliably interpreted.
From the previous discussion it can be seen that an important parameter for reliability projections is the Weibull slope p. Figure 17 shows schematically how the failure rate and area projections each reduce the maximum operating voltage allowable for a particular reliability specification. The effects are greater for thinner oxides, because of the lower value of 8. In addition, the operating temperature must be taken into account, since THI) and QHI, are strongly temperature dependent especially for f L3 nm. [77, 141, 1421 FUNCTIONAL RELIABILITY
The preceding discussion has shown how the reliability margin for gate oxide breakdown has been drastically reduced as a consequence of device scaling. Published models [69, 104, 11 1, 112, 1231 have indicated that for the oxides used in the past with L 3-4 nm, intrinsic gate oxide reliability has probably not been a real issue. However, the time is near when it will no longer be possible to meet reliability specifications for ultra-thin gate oxides, although the exact point when this will happen is the subject of considerable debate. At present, predicted reliability "limits" for the gate oxide thickness range from less than 1.5 nm [69] (90 nm lithography node) operating at -1 V in order to meet the desired performance targets. One way this might be achieved is by replacing the SiOz with another dielectric with a higher dielectric constant, such as metal oxides, metal silicates, and epitaxial perovskites. This avenue is being aggressively pursued but faces large hurdles, as neither the materials science nor the electrical properties of these materials are understood nearly as well as for SOz. A more conservative approach is to used nitrided oxides, which have shown somewhat improved reliability characteristics compared to pure SOz. [ 144, 1451 Up to now, the definition of oxide breakdown has generally been the first event marked by a discrete jump in leakage current. Some researchers have pointed out, however, that often the magnitude of this jump is not great enough to completely destroy the functionality of a transistor, much less that of an entire circuit. [146] [147] [148] It has been suggested that the definition of breakdown which we have been using, although physically a correct signature of the formation of a conducting path across the insulator, may not be the appropriate practical criterion for product reliability specification. Most work up to now has focused on the understanding of the defect generation leading to breakdown. If product reliability is to be assured, it will be necessary to focus more attention on understanding the nature of the conduction after breakdown[l49-1591 and on the impact of this conduction on device and circuit functionality.
SOB breakdown
The so-called "soft" breakdown (SBD) or "quasi-breakdown" was first reported[ 160-1621 in 3-4 nm oxides subjected to either constantcurrent[l61, 1621 or constant-voltage[ 1601 stress. After first showing a uniform degradation in the form of SILC, the oxides exhibited a sudden jump to a fluctuating (noisy) current with high leakage at low voltage. The SBD phenomenon has recently been thoroughly reviewed[l58] and so we will only highlight certain aspects here.
The fact that the I-V characteristic after SBD merges with the prebreakdown Fowler-Nordheim characteristic at higher voltages distinguishes this mode from the destructive, or "hard breakdown (HBD). The latter type is probably a result of thermal damage[l58] when sufficient energy is deposited during the breakdown transient.[l07, 163-1741 There is probably some confusion in the literature over the precise characterization of breakdown events as "SOW or "hard" because of the lack of a precise definition and because for some experimental conditions the detection of one or the other breakdown mode may be difficult. For example, when testing a large area structure or a very thin oxide where the initial current is larger than the breakdown current a "soft" event could be missed, or a "hard" event could be interpreted as soft. Initially, it was argued[l75] that SBD is a precursor of HBD, i.e., $at a SBD?spot will become hard after some time. This view was not consistent with a later statistical analysis of data [176] showing that the distribution of breakdown times is independent of whether they or soft or hard, and that a HBD which occurs after a SBD is a random event uncorrelated with the first SBD spot: It was also shown that SBD and HBD follow similar area dependence[ 1771 but the temperature dependence and voltage dependence was found to be different [149, 150, The point contact model can account for both SBD and HBD within a single framework as two limiting cases, depending only on the lateral size of the breakdown spot which determines the energies of the subbands in the conduction path. [158] .
Simultaneous with the jump in gate current after SBD is a large increase in the substrate hole current (for the case of n-FETs biased in inversion) [ 161, and the p-channel hole tunneling current (forp-FETs in inversion).[l74, 188-1901 For the n-FET case this was attributed to valence band tunneling or back-injection of holes generated in the anode, but a recent study found that the spectral characteristics of the light emission from breakdown spots is similar to that generated by hot carriers in the channel of a MOSFET, suggesting that the substrate current is dominated by impact [l98] This shows that the nature of the breakdown spot is influenced by the circuit environment of the device, which in tum may affect the overall projected reliability of a circuit. Figure 20 shows the post-breakdown conduction measured at V,=1.5 V as a function of the stress compliance leveL[172] Again there is a transition at about lo-' A compliance, corresponding to a series resistance of -lOsn. Below this value the n-FET leakage remains below lo' A, but for higher current limits the leakage increases more rapidly. The compliance level of IO-' A corresponds to ldsat of a small p-FET, such as might be used in a n SRAM cell.
For fast logic circuits, p-FET ldsat values of -lo4 A are likely, in which case the n-FET post-breakdown leakage will average -lo5 A. At this level of leakage, the voltage drop across thep-FET channel in Figure 18 &er n-FET oxide breakdown is expected to be -0.1 V. This amount of voltage droop can probably be tolerated by most logic circuits. However, there is a distribution of post-breakdown leakage levels[l08, 156, 158, 170, 171, 1861 so it is likely that some circuit failures will occur as a result of oxide breakdown. The overall effect of SBD on circuit performance is still an open question since many different circuit elements are used in practice and some may be more sensitive than others to noise and voltage margins.
Even if devices survive after an initial breakdown event, the subsequent stress on the damaged oxide can lead to erratic behavior and a progressive degradation of the device characteristics.[ 1351 Thus, it would be premature to disregard oxide breakdown as a factor in circuit reliability. Much more research will be needed in order to formulate a complete methodology for the quantitative prediction of device and circuit reliability.
CONCLUSIONS
In this paper we have reviewed the physics and statistics of dielectric wearout and breakdown in ultra thin Si02-based gate dielectrics. Electrons or holes tunneling through the gate oxide generate defects until a critical density is reached and the oxide breaks down. A percolation model can explain the critical defect density and the thickness dependence of the Weibull slope. Some fundamental aspects are still unknown, e.g., the microscopic nature of the defects, and what factors determine how a percolation path leads to breakdown. The rate of defect generation decreases approximately exponentially with supply voltage, below a threshold voltage of about 5 V for hot electron induced hydrogen release. There is strong evidence for the role of hydrogen in defect creation, but other models, specifically the thermochemical and anode-holeinjection models, are also in widespread use. Some aspects of these models are not in accord with certain experimental data, and so more experimental and theoretical work will be required for a complete understanding.
The direct tunneling current increases exponentially with decreasing oxide thickness, leading to a decreasing time-tobreakdown and a diminishing margin for reliability as device dimensions are scaled. Estimating the reliability of the dielectric requires an extrapolation from the measurement conditions (e.g. higher voltage) to operation conditions. Because of the diminished reliability margin, it has become imperative to try to reduce the error in this extrapolation. Long term (>l year) stress experiments are now being used to measure the wearout and breakdown of ultra thin (<2 nm) dielectric films as close as possible to operating conditions. From measurements over a wide range of stress conditions, we find that neither T ' , ) nor will obey any simple "law" such as exponential dependence on E, 1/E, or V , as has been commonly assumed in reliability extrapolations. Thus, it becomes more difficult to extrapolate reliability to operating voltage.
The nature of the electrical conduction through a breakdown spot will have a significant bearing on the degree to which the oxide bred-down affects device and circuit performance. The definition of oxide breakdown has generally been the first event marked by a discrete jump in leakage current. However, sometimes the magnitude of this jump may not be great enough to completely destroy the functionality of a transistor, much less that of an entire circuit. The "hardness" of breakdown is influenced by several factors, including the circuit in which the oxide is used. Conversely, different circuits will have various degrees of sensitivity to erosion of noise and voltage margins resulting from oxide breakdown, so more research is needed in order to develop a quantitative methodology for predicting the reliability of circuits.
